The calorimeter has special features which make it independent of changes in ambient temperature and pressure and therefore able to record precisely not only the integral of respiratory exchange over periods of 24 h but also the rate of oxygen consumption over short periods. Experiments with mice and kestrels (Falco tinnunculus) are presented to illustrate the accuracy of the apparatus.
Summary
The calorimeter has special features which make it independent of changes in ambient temperature and pressure and therefore able to record precisely not only the integral of respiratory exchange over periods of 24 h but also the rate of oxygen consumption over short periods. Experiments with mice and kestrels (Falco tinnunculus) are presented to illustrate the accuracy of the apparatus.
The theoretical basis of indirect or respiration calorimetry is well known (Lavoisier & de la Place, 1784; B1axter, 1967a, b; Flatt, 1969) . Briefly, the method estimates heat production from the material transformations that take place when food or body tissues are oxidized. Heat production from complete oxidation of carbohydrates and fats to carbon dioxide and water can be estimated with good precision from measurement of respiratory exchange of oxygen and carbon dioxide (Flatt, 1969) and much respiration calorimetry is based on these measurements alone. However, not all oxidations are complete; incomplete oxidation of proteins yields organic compounds containing nitrogen in urine and anaerobic fermentation of carbohydrates yields methane. Failure to account for these incomplete oxidations can lead to substantial errors in estimating heat production in certain circumstances, for example in ruminants which generate copious quantities of methane and in carnivorous birds which excrete a considerable amount of combustible material as uric acid (Kleiber, 1975) .
There are 2 basic approaches to the measurement of respiratory exchange. Open-circuit respiration calorimeters calculate oxygen consumption from the change in concentration in a precisely measured air stream. The apparatus is simple to construct and flexible in operation but depends on expensive gas analysers and is inherently difficult to operate at high precision since the concentration of the respiratory gases has to be measured to an absolute accuracy of 50 ppm (Flatt, 1969) . Closed-circuit calorimeters for small animals are cheap to construct and operate. The main running cost involves the supply and regeneration of absorbents for carbon dioxide and water which increase in proportion to animal size (Blaxter, 1967a) . These Received /6 February 1981. Accepted 10 Apri/1981. calorimeters are inherently more precise than either open-circuit respiration calorimeters or direct calorimeters because they depend upon integral gravimetric or volumetric measurements, rather than rate measurements of concentration differences (Webster, 1974) . However, any fluctuation in environmental temperature or atmospheric pressure during the experimental period will introduce errors by creating an artificial pressure gradient between the chamber and free atmosphere. This results in artificially high or low values for oxygen consumption.
One way to correct for this is to measure oxygen concentration in the chamber at the beginning and end of a test period, but this is expensive. The calorimeter described here incorporates a useful modification from conventional closed-circuit respirometers in that pressure inside the animal chamber is compared not with atmospheric air but with a second gas-tight reference chamber, which experiences the same environmental conditions. Thus any changes in ambient temperature or pressure are corrected for automatically.
Materials and methods

Description of calorimeter
The general design of the calorimeter (Fig. 1 ) bears several resemblances to that of Moors (1977) . The metabolic chamber was constructed of 10 mm rigid transparent plastic, its volume being determined by the animal under observation. For studies with the kestrel (Falco tinnunculus) a chamber of 12 litres was used with a fixed perch (mounted 15 em from the floor).
For studies with mice (Mus musculus) a 2 litre chamber was used, fitted with a galvanized-mesh false floor such that faeces and urine fell through. Air was circulated through the 3 flow channels of the respirometer by a gas-tight pump (Charles Austin Ltd, Weybridge, UK). Channel B is an absorption train used for equilibration of the apparatus immediately prior to the experimental period, after which it is isolated from the system. Channel A is also an absorption train but is used only during the experimental period. A bypass allows control of the flow rate through the absorption trains and the metabolic chamber. The experimental absorption train in channel B consists of U-tubes and Dreschel bottles, containing in series silica gel, potassium hydroxide and silica gel, Air is continuously pumped through the metabolic chamber and the trains for absorption of carbon dioxide and water. When the pressure in the metabolic chamber falls below that in the reference chamber, oil is pumped into the oxygen reservoir thereby displacing oxygen into the metabolic chamber (see text). A equilibration absorption train. B primary absorption train.
and is constructed so that each chamber can be readily removed for weighing. 2 chambers, one of potassium hydroxide and the other of silica gel, are in channel A.
Mounted adjacent to the metabolic chamber and connected to it by a sloping water manometer is a gas-tight reference chamber. Thus any fall in the relative barometric pressure of the metabolic chamber results in movement of the manometer water meniscus which triggers a switch ('Fi-Monitor';
Fisons Ltd, Loughborough, UK) which in turn operates a peristaltic pump (Watson Marlow, Falmouth, U.K). This pump drives oil (grade 15; Edwards High Vacuum, Crawley, UK) into the tank previously filled with oxygen, which by displacement introduces oxygen into the ,respirometer until the relative barometric pressures, as detected by the 'Fi-Monitor', have equilibrated. The oxygen entering the metabolic chamber first passes through a trap which protects the oxygen tank against contamination by back flow.
The total weight of oil introduced into the oxygen tank during the experimental period is measured directly. Each revolution of the peristaltic pump is also recorded on an electronic logger which prints out the number of revolutions made per unit time. Oxygen consumption per unit time is calculated by dividing total displacement of oil by the number of revolutions of the pump. The repeatability of this relationship is better than ± 1%.
Both the metabolic and reference chambers were completely immersed in a water bath insulated by expanded vermiculite and heated by a 3 kW domestic heater linked to an adjustable thermostat ('Compenstat'; A. Gallenkamp & Co, Ltd, London, UK) which maintains temperature control to ± Q·25°C. This temperature control is to allow investigation of the effect of environmental temperature on metabolism and is not a prerequisite of the experimental procedure as with earlier calorimeters (Blaxter, 1967a, b) . If experimental temperatures below ambient are to be investigated, a cooling coil may be run in conjunction with the thermostatically controlled heaters (Moors, 1977) . Water in the bath is circulated by a centrifugal liquid pump (capacity 20 litres/min; Charles Austin Ltd, Weybridge, UK).
Operation of respirometer
At the start of each run the chamber is cleaned and, where appropriate, supplied with water and food. The U-tube driers are filled with fresh silica gel (previously dried at lOO°e) and the carbon dioxide absorption bottles are 1/3 filled with saturated potassium hydroxide. To ensure that the potassium hydroxide remains saturated throughout the experimental period, approximately 5 g of the solid is added to each bottle. All the absorption tubes and bottles in channel B are weighed to 0·01 g before and after the experimental period.
Initially the metabolic chamber temperature and humidity are equal to the external environment, but after immersion and when the air pump is started, changes in temperature and humidity alter the pressure within the chamber. To avoid this causing errors in apparent oxygen consumption, and thus also in the respiratory quotient, the channel A absorption train is used until humidity and temperature have equilibrated (approximately 1 h). When flow rate was adjusted to be about 5 l.min-I, relative humidity in the chamber was about 40%.
At the end of the experimental period total oxygen consumption is measured from the calculated volume (weight x density) of the oil pumped into the oxygen tank. Total carbon dioxide production is calculated from the total weight change in the bottles of potassium hydroxide and subsequent silica-gel driers. The volumes of oxygen and carbon dioxide are then corrected to standard temperature and pressure taking the barometric pressure and temperature at the start of the experimental period.
The output from the logger records the rate of oxygen consumption per unit time throughout the experimental period.
Estimation of heat production from respiratory exchange
The preferred equations used to estimate heat production (H) from respiratory exchange for mammals and birds, expressed in SI units, are: mammals (Brouwer, 1965) (Romijn & Lokhorst, 1961) 
where V is the volume of respiratory gases in litres at standard temperature and pressure (dry) and W N is weight in grams of nitrogen in urinary excreta. For mice and kestrels the value for V C1i4 can be ignored. The coefficient for WN is higher for birds than for mammals because the heat of combustion (per g nitrogen) of uric acid is 1·8 that of urea. In the case of a carnivorous bird like the kestrel, which excretes considerable amounts of urinary nitrogen, neglect of the WN term in equation 2 can lead to an overestimation of H amounting to about 6%. In mice on a principally carbohydrate diet, neglect of the WN term in equation 1 seldom overestimates H by more than 1%. In carnivorous birds, therefore, it is especially necessary to take protein catabolism into account, yet particularly difficult because urine and faeces are voided together. Kleiber (1975) described an alternative approach to the estimation of H from VO:! and respiratory quotient (RQ) for an animal oxidizing only fat and protein. The merit of this approach is that, in these circumstances, it permits the precise calculation of H without the necessity to measure urinary nitrogen, so is particularly suitable for calorimetric studies with carnivorous birds. Kirkwood (1981) has developed this approach for the kestrel, assuming that in birds the RQs for fat and protein oxidation are O·707 and O·7.3 respectively (Ricklefs, 1974) . The value for protem oxidation in mammals is 0·83 (Kleiber, 1975) .
Adapting the equation given by Kleiber on p. 129 to birds and SI units:
where VO:! is expressed in litres at standard temperature and pressure.
Experiments
The following experiments illustrate the operation and precision of the calorimeter. 1. 12 trials with adult mice kept at 23 or 29°C for periods of 4 or 22 h. The mice were offered standard laboratory food (Oxoid Breeding Diet; Oxoid Ltd, Basingstoke, U.K.) ad libitium. Intake was about 6 g/day. 2. 20 trials with adult kestrels kept at 22°C for periods of about 22 h and fed a diet of equal proportions of dead mice and day-old chicks to provide metabolizable energy (ME) for maintenance and twice maintenance (Kirkwood, 1980) . 3. A series of experiments with 7 kestrels in which cumulative energy exchange during growth was calculated from ME intake and either successive calorimetric measurements of H or measurements of energy retention (RE) determined from carcase analysis of slaughtered birds. Full details of experiments 2 and 3 are described by Kirkwood (1981) . Kleiber, 1975) to permit interspecies comparisons. Values for the kestrel at maintenance and those for mice at 29°C conform closely to the interspecies mean value of 420 kJ .kg-o' 75 • d for animals at this level of food intake (Kleiber, 1975; Webster, 1981 is so sensitive to the thermal environment it is almost always necessary to run calorimetric trials with mice at, at least, 2 temperatures in order to take this effect into account. Fig. 2 compares cumulative values for heat production of birds over different periods of growth estimated from indirect calorimetry and by the comparative slaughter method. In the latter case heat production is the difference between ME intake and energy retention obtained by killing birds at 2 stages of growth and determining the total energy content of their bodies (Blaxter, 1967a) . Comparison of the 2 methods by regression analysis reveals a very close correlation (r = 0·999) and a slope not significantly different from 1 (1·157 ± 0·052) for data obtained during the period of rapid growth up to 25 days of age. When the 2 birds killed at 54 and 56 days are included the slope departs slightly but significantly from 1 (1·080 ± 0·022). This slight departure from unity in long-term studies is not unexpected. Considering the assumptions involved in interpolating cumulative values for ME and H from limited measurements made of energy exchanges the agreement is extremely satisfactory .
Results and discussion
It is safe to conclude, therefore, that this calorimeter-largely by virtue of its ability to compensate for changes in ambient temperature and pressure-is able to achieve high precision of measurement of heat production in laboratory animals and birds at relatively low cost, particularly because it dispenses with the need for gas analysis. Automatic compensation for temperature and pressure changes within the system also permits accurate estimates of hourby-hour changes in oxygen consumption from the output of the electronic logger recording the revolutions of the peristaltic pump driving oil into the oxygen reservoir. This facility, not available in most closed-circuit systems, permits evaluation of the various contributors to the nychthemeral (24 h) rhythm of oxygen consumption such as the thermogenic response to feeding.
